We propose to use a quantized version of coherent two-color photoassociation to realize a hybrid device for quantum control of light. The dynamical features of this system are exhibited, including the slowing down or storage of light and the molecular matter-wave solitons. This may indicate a hybrid atom-molecule quantum device for storage and retrieve of optical information.
I. INTRODUCTION
The experimental realization of Bose-Einstein condensates (BECs) in ultracold atomic gases has led to tremendous advances from traditional atomic, molecular, and optical (AMO) physics [1] to current quantum information science [2, 3] . Recently, an intriguing atom-molecule dark state was observed in coherent two-color photoassociation (PA) [4] , which has been considered as an efficient way to achieve higher production rates of molecules [5] from ultracold atoms. In view of their internal properties and long-range anisotropic interactions [6] , the assembly of heteronuclear molecules [7] [8] [9] [10] [11] have also been actively pursued with various important applications [12] [13] [14] [15] [16] , such as a polar molecular quantum computer [12, 17] . In the light of these developments it is timely to investigate the method of encoding and manipulating quantum optical state through the atom-molecule dark state. Such processes will provide new insights on current efforts of optical PA or quantum superchemistry with the goal of designing a hybrid atom-molecule device for quantum control of photonic information.
In this work we study such a scenario by transferring the quantum state of an associating light to an atomheternuclear molecule dark state [4, 5] . This allows us to study the effects of initial populations imbalance on the optical storage process. In particular, our work compares the results for atom-molecule systems with the more familiar light-storage schemes in atomic samples [18] . For a given number of atoms, the signal light is slowed more in the atom-molecule hybrid system, indicating some advantages over atomic slow-light media. Hence our present proposal, together with e.g. a cascaded molecular transition, may indicate a hybrid device for optical storage, processing, and retrieval.
II. MODEL AND SOLUTIONS
As Fig. 1 illustrated, the initial ultracold bosonic twospecies atomic condensates (with populations N a or N b ) are photoassociated into the excited molecular state |e by a quantized signal light, which is then dumped into the ground molecular state |g by another classical coupling light. The signal pulse is described by the dimensionless operator
where L is the quantization length in the z direction, ν is the PA light frequency andÊ(z, t) is the slowly varying amplitude. We focus on the role of coherent couplings of photons and matter waves by ignoring the collisions of a dilute or Feshbach-resonance-tuned medium [19] . This is a safe approximation for the short lifetime of associated dimers [4] . The operators of signal light and matter waves satisfy the commutation relations,
, respectively. The dynamics of this system is described in the simplest level by the interaction Hamiltonian ( = 1) the photon-matter waves coupling coefficient with ℘ being the transition-dipole moment of |c −|e transition bŷ E(z, t) [18] . Without loss of generality, we assume that the signal field amplitudeÊ and control field amplitude Ω are real whose phase factor can be absorbed by a global gauge transformation of the field operators [5] . Here we first drop off the usual kinetic and the trapping terms by considering a uniform system and the effects due to these terms will be discussed later.
With the slowly varying amplitude approximation [18] , the propagation equation of the signal light can be written as
Meanwhile, the evolutions of atomic field operators are described by the following Heisenberg equationṡ
where γ a , γ b , γ e and γ g denote the decay rates of corresponding matter-wave states. In order to obtain a closedform signal-light propagation equation, it is a key step to study the evolutions of the following hybrid operators,
with the transversal decay rates γ 1 = γ a + γ b + γ g and γ 2 = γ a + γ b + γ e . These equations can be rewritten aŝ
It should be noted that Eq. (7) and Eq. (8) can be greatly simplified under the weak excitation approximation (WEA): the control field is much stronger than the signal light at all times and thus the density of signal photons can be taken as much less than that of atoms. This means that only a small ratio of atoms are converted into molecules, which is the case in the recent two-color PA experiment [4] . With the WEA at hand, after some algebra we find in the lowest non-vanishing order
Hence Eq. (7) can be rewritten aŝ
where N a,b =φ † a,bφ a,b is the population of atoms A or B, which can be assumed as constant in the WEA. Substituting Eq. (10) into Eq. (3) yields
Clearly, for a time-independent coupling field, we have a steady group velocity of the signal, and the temporal profile or the spectrum of the signal pulse remains unchanged during its slowing down process, just as in a three-level atomic ensemble [18] . For a time-dependent coupling field, however, the rand-hand side of Eq. (11) leads to an adiabatic Raman enhancement of the signal pulseÊ
where v g = c cos 2 θ is the group velocity of the signal light and θ is the mixing angle between light and matter-wave components, i.e.,
Obviously, if the classical field is adiabatically turned off by rotating the mixing angle θ for π/2, the signal light will be fully stopped within the medium or in the created atom-molecule dark state [4] .
For the atomic slow-light medium [18] , the group velocity of signal light is:
2 ), i.e., being proportional to ∼ N −1 , where N can be regarded as the number of initial trapped atoms in the WEA; however, in our situation, this velocity is proportional to ∼ N −2 (for an initial balanced sample N a = N b = N/2). Hence the technique of atom-molecule dark state may have some advantage over the scheme of purely atomic spin waves since the signal light can be much slowed down by starting from the same total number of atoms.
The quantum state transfer process is also observed through the form of the closed-channel molecular field. From Eqs. (7) (8) (9) , it is straightforward to find
Obviously, for the initial stage (Ω 2 ≫g 2 N a N b ), we have a purely photonic state, i.e., θ(0) = 0 or φ g (z, 0) = 0, but when the coupling light is shut down adiabatically, the quantum state of the associating light is fully encoded into the created molecules via the mapping
which thus indicates a possible quantum memory device based on coherent two-color PA technique.
III. ROLE OF POPULATIONS IMBALANCE
As Fig. 2 shows, the initial populations imbalance of the atoms A, B (η = N b /N a ) also plays a role in the optical storage process, and the optimal conversion is reached for the balanced case (η = 1). In our calculations, the initial total atomic number is taken as N = N a + N b = 3.0 × 10 6 . In current experimental conditions [20] , the strength of coupling field can be chosen as (in the unit of MHz)
which guarantees that the group velocity can be adiabatically reduced to zero in the photon-storage stage and then the signal light can be re-accelerated in the retrieval stage. The control field being similar to Eq. (16) is also used in the atomic slow-light medium [18] . For the other cases of initial population imbalance, e.g., η = 15 as in the very recent experiment of creating polar molecules KRb [7] , some deviation from the optimized case can appear (see Fig. 2 ). Fig. 3 shows the different features of slow light propagation in four different kinds of matter-wave mediums: (i) the atomic ensemble, (ii)-(iii) the assembly of homonuclear or heteronuclear diatomic molecules [5, 21] , and (iv) the assembly of heteronuclear triatomic molecules ABC [5] (for the trimer case, the calculation of the group velocity is completely similar to the above dimer cases). In addition, we see from Fig. 3 that, by choosing a higher initial atomic populations, the optical storage process can be significantly improved. It is worth mentioning that in the above discussions we have ignored the decay of molecular states. However, it is readily to show that, after including these decay terms, the group velocity of the signal light is still in the form of Eq. (13) but with the following substitution
Clearly, due to the decay terms, one may reach a nonzero group velocity even when the classical field is turned off. For the typical parameters of the molecules KRb [20] , we can take N K = 1.0 × 10 6 , N Rb = 5.0 × 10 6 ,g ≈ 50 s −1 , and
The velocity limit can be estimated as v c g ≈ 0.524 km·s −1 . In particular, for a sufficient state transfer, the PA time duration should satisfy t ≪ γ −1 1 ∼ 1.6 ms [22, 23] , which can be fulfilled in current experiments [24, 25] .
We also note that some optimized methods exist for a maximum efficiency of optical storage and retrieval, such as the recent works of Novikova et al. by using an optimized signal pulse shape in an atomic medium [26, 27] . For the present atom-molecule system, in order to avoid incoherent absorptive loss, the frequency components of the signal pulse must fit well with the slow-light spectral window, i.e., t
where t s is the temporal length of the signal pulse,
is optical depth of the medium. Thereby, to avoid "leakage" of the pulse outside the medium, the following condition should be fulfilled
which means that v g must be small enough for the entire signal pulse to be spatially compressed into the medium, with also a large optical depth d. For contrast, by using a purely atomic medium, we have d = g 2 N L/(γc) [26] and thus v g t s ∼ N −1/2 [27] . Obviously, for the same initial total atomic number, the quantum light storage using the atom-molecule dark state may have some advantage over the familiar atomic spin-wave scheme.
IV. MOLECULAR SOLITON LASER
Now we show that, by taking into account of the particle collisions in the quantum state transfer process, it is also possible to realize a molecular matter-wave soliton laser. To this end, we consider coherent atom-molecule conversion process which is described by the following total Hamiltonian
whereĤ, as in Eq. (2), denotes the coherent free-quasibound-bound transition,Ĥ 0 andĤ coll describe the free motions and the particle collisions, respectively,
were V i (z)(i, j = a, b, g) denotes the longitudinal external effective potential and one can choose V a (z)=V b (z) = 0 in the following derivation [18] , m i is the particle mass, U ij denotes the s-wave scattering collisions between the particles [28] . Then the evolution of molecular matterwave field is written as
For simplicity, we consider an initially trapped atomic ensemble and also introduce the mean-field approach by replacing the operators by the c-numbers, i.e.,φ i (z, t) → Φ i (z, t). Thereby, for the closed-channel molecules, i.e., with the mixing angle θ = π/2, we obtain the nonlinear mean-field Gross-Pitaevskii equation where the effective potential V ef f = V g + √ N a N b U ab can also be moved by suitably tuning the value of V g [18] . For a gg > 0, due to some balance between the repulsive molecular collisions and the molecular kinetic energy, the above well-known nonlinear equation can support a graysoliton solution [29, 30] 
and z is the inside-trap position. In addition, the "grayness" parameter is
with the Bogoliubov sound speed [31] 
and the dark-soliton speed v ν =ż 0 (t), z 0 (t) being the central position of the molecular matter-wave soliton. Clearly, q = 1 corresponds to a dark soliton with 100% density depletion. We see from Fig. 4 that, by applying two counter-propagating control fields, a second-order molecular grey soliton (q = 0.8) starting from the same position (z = 0) can split into two solitons propagating at opposite directions.
V. CONCLUSION
In conclusion, we have studied the slow light and quantum optical storage process in coherent two-color PA process by considering a quantized associating light. By taking into account of the particle collisions, one may also create the molecular matter-wave solitons. This may indicate a hybrid atom-molecule quantum device for storage and retrieve of optical information. It is straightforward to study other interesting configurations, such as the light-molecule entanglement by applying a nonclassical PA light [19, 32] , or the quantum switch by considering a multi-level atom-molecule system.
As far as we know, our work sets up the first link between the research fields of quantum memory and coherent atom-molecule conversion. Due to the rapid experimental advances in both two fields, this atom-molecule system may be potentially useful for designing a hybrid atom-molecule quantum device of optical storage, processing, and retrieval. In the future, we plan to study the quantum memory in a boson-fermion mixture [5, 8] , the slow light in the BEC-BCS crossover of a fermionic atomic sample [10] , and the polarization rotation of slow light [33] with the Laguerre-Gaussian signal modes.
